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Abstract 13 
The soil in the Rif, Morocco, is at serious risk because increasing anthropogenic pressures 14 
are gradually transforming large natural areas into farmland. The distribution of magnetic 15 
minerals within the soil profile can be used to assess soil development and degradation. The 16 
soils in the study area are severely eroded because a combination of highly erodible soils, 17 
intense rainstorms and scarce vegetation cover. For the sampling of representative soil 18 
profiles lithology, slope gradient and land use were considered. The ranges of magnetic 19 
susceptibility in the soil profiles distinguished between two primary soil groups. Magnetic 20 
susceptibility varied in the soil profile and along the soil toposequence, and the variations 21 
                                                 
1 Correspondant author, e mail : sadiki_a@yahoo.fr , fax : 212 55 73 34 05 
2 falehali2001@yahoo.fr 
3 anavas@eead.csic.es 
4 bouhlass@fsr.ac.ma 
  
.
2
were related to the differences in the original magnetic composition and the influence of main 22 
erosion factors. Evidently, the lithology is the main factor contributing to the variation in 23 
magnetic susceptibility. The magnetic susceptibility values in soils on Tertiary marls (x = 13.5 24 
10-8 m3kg-1) differed significantly from those on Quaternary terraces (x = 122.1 10-8 m3kg-1).  25 
Slope affected the distribution of magnetic susceptibility because of the continuous lost of 26 
topsoil in some parts of the slope and the deposition of eroded soil in others. The elimination 27 
of the natural vegetation cover and a shift to cultivated land for cereals has had a negative 28 
impact on soil development and, on similar slopes and substrates, magnetic susceptibility 29 
decreased significantly in cultivated soils. The soils on steep slopes that had natural vegetation 30 
cover retained better the magnetic minerals than did those on gentler slopes that were under 31 
cultivation. Grazing, clearing and, especially, tilling has weakened the soil and made it much 32 
more vulnerable to erosion. An analysis of the main factors causing erosion will help to 33 
promote the rational use of the land and to establish conservation strategies in such fragile 34 
agroecosystems. 35 
Key words: Magnetic susceptibility; soil degradation; semiarid soils; agricultural land use; 36 
Rif; Morocco. 37 
 38 
Introduction 39 
 40 
Semiarid areas in the Rif, Morocco, are at risk of desertification because of severe soil 41 
erosion. The combination of highly erodible soils, abrupt topography, intense storm events, 42 
and the deforestation of rangelands for agricultural use is increasing the area of degraded 43 
soils, which is having a significant effect on development in the region (Faleh, 2004). 44 
The use of soil magnetic signatures to assess soil degradation is based on differences in the 45 
specific behaviour of iron components, which have near full control over the magnetic order 46 
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in the soil. The distribution of magnetic minerals within the soil profile provides a means of 47 
assessing the status of soil development or degradation. In stable soils, magnetic susceptibility 48 
gradually increases between the deep soil layers to surface but, in degraded soils, this pattern 49 
is absent and magnetic susceptibility is lower. 50 
Soil particles differ in their degree of magnetism because of differences in their iron 51 
components, which control the magnetic order within the soil (Maher, 1985). In 52 
Mediterranean soils, the concentration of iron oxides due to weathering has been 53 
demonstrated by several authors (Lamouroux and Ségalen, 1969; Paquet, 1970) and studies 54 
on these processes under semiarid climate have been carried out by Sadiki (1991, 2005). Iron 55 
originates from the primary minerals contained in the parent materials, thus, it becomes 56 
concentrated in the weathered material because of its low solubility under oxidizing 57 
conditions at the natural pH. Iron is less easily integrated than is Al within the clayey 58 
secondary phylosilicates and, therefore, iron is generally in the form of iron oxides and 59 
hydroxides, such as hematite, limonite, goethite, lepidocrite, magnetite, and maghemite 60 
(Campy and Macaire, 1989).  61 
Iron components in the soil are good markers of soil development. In stable, undisturbed 62 
soils, increases in magnetic susceptibility parallel increases in iron from the bedrock towards 63 
the surface (e.g. Mullins, 1977; Thompson and Oldfield, 1986) but, in disturbed soils, erosion 64 
and the lost of soil particles prevents the concentration of iron components. The detection of 65 
such minerals by means of measuring magnetic susceptibility and analyses of its vertical 66 
distribution in the soil provides information on the status of the soil. 67 
Since the 1970s, magnetic susceptibility has been used in environmental studies (Thompson 68 
et al., 1975; Walling et al., 1979; Oldfield et al., 1979), many of which mainly focused on the 69 
identification of the sources of sediments. At the catchment scale, the bathymetry of water 70 
bodies is used to quantify the erosion rate as a measure of the specific degradation in the 71 
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entire area, but this method does not identify the sources of sediments or the degree of soil 72 
degradation. Soil magnetic data have been used to reconstruct Quaternary sedimentary 73 
sequences in SE Spain (Harvey et al., 2003).  74 
Since Dearing et al. (1985) first reported using soil magnetism to study the distribution of 75 
soil erosion, several studies have demonstrated that soil magnetism profiling is a sound 76 
technique for estimating soil losses on cultivated lands (e.g. Gennadiev et al., 2002; Olson et 77 
al., 2002). The magnetic susceptibility of soils has the potential to provide information on the 78 
specific areas where soils are most degraded and, therefore, at the greatest risk of suffering 79 
erosion. In addition, to investigate soil erosion and sediment delivery in an agricultural 80 
catchment, Royall (2001) used magnetic measurements. 81 
To assess the feasibility of using magnetic susceptibility to track sediment movements on 82 
a semiarid hillslope, Parsons et al. (1993) introduced magnetic tracers in experimental plots 83 
under simulation rainfall in Arizona, and Hussain et al. (1998) used magnetic measurements 84 
to investigate erosion on hillslopes in Illinois. In semiarid Mediterranean regions, however, 85 
few studies have used the magnetic properties of minerals to quantify soil degradation and its 86 
relationship to changes in land use. 87 
 In the Rif region, the anthropogenic pressure to convert rangelands into cultivated fields is 88 
strong and, consequently, erosion has increased dramatically. Furthermore, the erosion has 89 
generated large amounts of sediments, which are impinging on the irrigation infrastructures in 90 
the region and therefore it is important to identify the surfaces that are suffering different 91 
degrees of erosion in the area. This study aims to assess the degradation of the soils in an area 92 
of the Msoun Basin, Eastern Rif, Morocco (Figure 1) by analysing the soil  magnetic 93 
signatures along hillslope transects that are representative of the main lithologies, land uses, 94 
and slope topography of the region.  95 
The primary objective of this study was to use magnetic susceptibility profiles to identify 96 
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features of soil degradation and to identify the sources of sediments that are contributing 97 
increasingly larger sediment loads to the drainage network of the Moulouya River, which 98 
outlets into the Mohamed V Reservoir. The reservoir is the largest in the region and drains a 99 
50,000-km2 (Lahlou, 1996). In 1967, when the reservoir was opened, the initial water capacity 100 
was 768 106 m3. Subsequently, capacity has decreased drastically and, in 2002, water storage 101 
capacity was 323 106 m3 (Mezghab, 2006).  Thus, the average annual reduction in capacity 102 
was 11.5 106 m3 (1.2% per yr). The  basin of the Msoun River, which is the main tributary of 103 
the Moulouya River out of the Rif, is 2500 km2 or 5%  of the Moulouya River Basin, but it 104 
contributes 16% of the total sediment received by the Mohamed V Reservoir  (Administration 105 
des Eaux et Forêts et de la Conservation des Sols,  1996).     106 
Another objective was to assess the potential of magnetic susceptibility to identify the main 107 
factors that control the distribution of magnetic minerals in the soil, which, in association with 108 
other soil components such as organic matter, can be mobilized by erosion processes. The 109 
results were used to identify the areas where land-use changes have to be controlled in order 110 
to avoid desertification. Furthermore, the information gained will be used to promote 111 
conservation measures that will preserve the soil and water resources in this fragile region that 112 
is vulnerable to the effects of global climate change.  113 
Materials and Methods 114 
Study area  115 
The Msoun Basin (2500 km2) is in the Eastern Rif (NE Morocco) (Figure 1). The elevation 116 
ranges between 2009 m a.s.l. at Azrou Akachar in the north and 360 m a.s.l. near the 117 
Moulouya River at Guercif. The structural divisions are the Meso-Rif, the Pre-Rif, and the 118 
Foreland, which includes the plains of the Guercif Basin and the Terni-Mezgout Mountains.  119 
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The landscape of the Rif Mountains at the north of the basin is abrupt and characterized by 120 
incised valleys where the elevation gradient is as much as 500 m. The Middle Msoun, where 121 
elevation ranges between 700 and 1330 m a.s.l., is underlain by marls of the Pre Rif, which 122 
form rounded hills. In addition, more consistent formations such as the Ouazzane nappe 123 
occupy the uppermost elevations. In the Middle Msoun, the river valley widens and a system 124 
of fluvial terraces occurs in this part of the basin. The lower section of the basin is a large 125 
plain that is composed of fluvial terraces and glacis that developed on the Neogen formations 126 
of the Southern Rif. In that part of the basin, the Msoun River is its widest and there are 127 
numerous meandering channels over an elevation that ranges between 360 and 700 m a.s.l. 128 
In the Msoun Basin, the climate is semiarid to arid and the average annual rainfall ranges 129 
between 150 and 350 mm. The river system in the basin has a low discharge, but extreme 130 
flooding can occurs after rainstorms that are often short, but very intense. In the upper part of 131 
the basin, the predominant natural vegetation is forest composed of oaks, Alep pine, and 132 
thuya, along with shrubs and grasses. The orchards and crops of cereals and legumes are well 133 
developed in the valleys. In the Middle Msoun, the natural vegetation is within the arid – 134 
semiarid bioclimatic zone. Matorral is the predominant vegetation cover but is degraded 135 
notably. The most common plant species are Tetraclinis articulata and Lentiscus rotundifolia. 136 
Reforestation with Eucaliptus occupies degraded areas.  On the smooth slopes, there is steppe 137 
vegetation, mainly alfa grass (Stipa tenacissima) and Artemisa sp. On the flat valley floors, 138 
soils are cultivated for cereals, which have very low yields and are left fallow every second 139 
year. In the cereal fields, manure is commonly used as fertilizer. In addition, large areas are 140 
bare because of rocky or shallow soils. In the lower part of the basin, on the plains, there are 141 
mainly grasses and some irrigated areas where olive orchards and cereal crops are well 142 
established.  143 
 144 
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Soil sampling and analyses 145 
In the study area representative transects were established to take account of some of the 146 
key factors that are involved in soil processes and the redistribution of soil particles. After a 147 
field survey identified the main physiographic units in the area and the most important factors 148 
causing soil degradation, six transects were established (Figure 1). The  physiographic factors 149 
examined in this study were the parent materials, the slope gradient,  and land use. The soil 150 
substrates selected were on marls and old alluvial deposits, fluvial terraces, the main parent 151 
materials from which representative soils of the area, Regosols and cromic Cambisols, 152 
respectively, are developed (Figure 2). The slope gradients were between 10 º and 25 º, which 153 
are common for the different land uses in the basin.  Most of the land is natural forest, 154 
scrubland, grasses, cereal crops, and orchards. Five different land uses were represented in the 155 
transects. The sampling sites along the transects followed the direction of the slope and, in 156 
that way, the measures of MS in the profiles might provide information on the geodynamics 157 
of the slope.  158 
To cover the main soil characteristics, slopes, and land uses in the study area, a soil 159 
sampling scheme was established in the transects. Sampling sites 10 m apart were established 160 
in each transect as a function of the length of the slope. Four transects (M1, M2, M3, CM4) 161 
were on marls (M1, M2 and M3)  and calcareous marls (CM4) substrates that had different 162 
land uses and slopes. M1 (7 cores, C1 - C7) was on fallow land, M2 (7 cores, C8 – C14) was 163 
on cereal crops, M3 (7 cores, C15 – C21) was under alfa shrub cover, and CM4 (3 cores, C22 164 
– C24) was on bare soils on a highly degraded slope of badlands. Another two transects (T5, 165 
T6) were on soils developed on a Quaternary formation that is a combination of glacis and old 166 
fluvial terraces. Transect 5, T5 (6 cores, C1 – C7), was on a fairly dense “matorral” that was 167 
reforested with Eucalyptus, and T6 (6 cores, C8 – C14) was on fields of cereal crops.  168 
  
.
8
To determine the distribution of magnetic susceptibility within the soil profile, a 7-cm 169 
stainless steel corer was used to extract 30-cm deep soil samples, which were sectioned at 5-170 
cm intervals. Thirty-six soil cores were collected from the hillslope transects.  171 
The pattern of the depth distribution of magnetic susceptibility in undisturbed soils was 172 
established on relatively flat surfaces that were protected from erosion by natural vegetation 173 
cover. Those MS profiles were used as references for the natural development of the soils on 174 
each substrate.  A forest of Thuya (Tetraclinis articulata) covered the soils on the terraces, 175 
and “Doum” grass (Chamaerops humilis) covered the soils on marls. Three soil cores were 176 
collected at stable sites, which served as references of undisturbed soil profiles in comparisons 177 
with the profiles at hillslope sites. In addition, a profile at a floodplain site on recent fluvial 178 
deposits and two others at sites where sediments accumulated at the bottom of a small 179 
reservoir were sampled and compared to the materials of the hillslopes within the study area. 180 
Soil samples were dried at 40° C, disaggregated, and sieved (< 2 mm). Organic matter 181 
content was analysed (LOI) in topsoil samples (0 to 5-cm depth intervals) from each of the 182 
sampling points along the transects. For the analyses of the magnetic signatures of the soils, 183 
the 10-g profile subsamples were slightly compressed to avoid the movement of soil particles 184 
and placed into 10-ml containers.  A Bartington susceptibilimeter with a MS2B probe was 185 
used to measure the magnetic susceptibility (MS) in 216 subsamples from the transects and 36 186 
subsamples from the six reference and the control profiles. The Bartington susceptibilimeter 187 
can create an alternate magnetic field of 0.1μT at two frequencies (Dearing, 1994). The low 188 
(0.47 kHz) and high (4.7 kHz) frequencies of the Bartington susceptibilimeter provide 189 
measures of magnetic susceptibility at low (χlf)) and high (χhf )  frequencies, respectively.  190 
Mass-specific susceptibility is defined as:  191 
 192 
  
.
9
 = J / H 193 
where H is the  magnetic field  applied to the subsample (Tesla), J is the magnetization per 194 
mass unit, and   is the mass-specific susceptibility (m3kg-1). 195 
Magnetic susceptibility at dependent frequency, χfd, is defined as follows:  196 
 197 
  100.
lf
hflf
Fd 
                                       ( 1) 198 
where lf  is the magnetic susceptibility at low frequency and hf  is the magnetic susceptibility 199 
at high frequency.   200 
Magnetic susceptibility at dependent frequency provides information on the size of 201 
magnetic soil particles. At high frequency, the relaxation time of superparamagnetic grains is 202 
shorter than the measurement time then their contribution is not accounted. At low frequency, 203 
the measurement time detects the susceptibility of all grains including those that have a short  204 
relaxation time, such as the superparamagnetics, which are generally very fine.  Thus, when 205 
the volume of grains in the soil is the same MS at low frequency is generally higher than it is 206 
at high frequency, and so in this study the measurements of MS at low frequency are 207 
represented in the soil profiles. 208 
The effects of physiographic factors on the magnetic susceptibility of soils were assessed 209 
using the Least Square Method and an ANOVA to evaluate the significance of the main 210 
factors. To identify differences among class means, we used the General Linear Model 211 
Procedure of SAS. 212 
 213 
Results and discussion 214 
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The physiographic characteristics of the transects and the other profiles sampled at the 215 
reference and control sites, and the basic statistics of magnetic susceptibility is presented in 216 
Table 1.  217 
The values of magnetic susceptibility at dependent frequency were used to derive 218 
information about the characteristics of the magnetic soil particles in the studied soils. In all 219 
of the transects, there were positive and highly significant correlations between the 220 
interdependence of Δχ (the difference between χlf and χhf) and χlf  (Figure  3), which 221 
indicated high homogeneity in the magnetic mineralogy of the soils corresponding with the 222 
mineral size and their contents in the soil profiles. In the soils of all transects, apart M2, there 223 
was one magnetic mineral assemblage. The transect M2 had two clearly differentiated groups 224 
that corresponded to two different mineral species in the soil. The presence of two magnetic 225 
mineral species suggests different sources derived from the mixing of weathering materials 226 
that came from parts of the slope that had differing lithologies and that accumulated in the 227 
colluvial formation at the footslope.  228 
In the soils developed on the terraces, transects T5 and T6, the mean magnetic susceptibility 229 
at dependent frequency (χfd) was 8.8% and 9.3%, respectively (Table 1). In the soils on 230 
marls, transects M1, M2, M3, CM4, the mean χfd ranged between 5.3% and 10.1%. 231 
Therefore, in the soils of all the transects, the predominant magnetic minerals were 232 
superparamagnetics  and the χfd values reflect their control of the magnetic signal (Dearing, 233 
1994). 234 
 235 
The magnetic susceptibility of the reference soils. 236 
 237 
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In all of the profiles of the undisturbed reference soils, MS increased gradually from the deep 238 
layers to the upper soil layers and was the highest at the soil surface. MS of the soil profiles 239 
on the terraces varied from 167 10-8 m3kg-1 in deep layers to 256 10-8 m3kg-1 at the soil 240 
surface, which indicated that the highest concentrations of magnetic minerals were in the 241 
upper soil layers (Figure 4). Relatively high concentrations of iron components at the surface 242 
of undisturbed profiles occur in a variety of soils, e.g., vertic meadow soils (Gennadiev et al., 243 
2002). In the soils on marls, MS was distributed similarly, but was considerably lower and 244 
varied between 18 10-8 m3kg-1 and 60 10-8 m3kg-1.  245 
A decrease in MS with and increase in depth is a characteristic of stable soils that maintain 246 
the natural transformations that occur in undisturbed soils. On the other hand, the cultivation 247 
of soils mixes soil layers and, consequently, magnetic components. The irregular distribution 248 
of the magnetic components means that profiles differ from those in reference stable soils.   249 
The MS in the reference soils on terraces and those on marls differed significantly. At the 250 
soil surface, MS was about five times higher in the soil on the terraces than it was on marls, 251 
and was as much as 10 times higher in the deep soil layers. The difference is due to the lower 252 
concentration of iron components in the marls substrate. In addition, the iron components in 253 
marls are within a carbonate matrix. Despite the low values in the carbonate materials, the 254 
depth profile distribution of MS might assist in the identification of the soil conditions at a 255 
particular site relative to the normal distribution of the magnetic particles in the soil.  256 
 257 
The magnetic susceptibility in the soil profiles of the hillslope transects 258 
As in the reference soils, in the soils on the hillslope transects, the mean magnetic 259 
susceptibility differed greatly between the soils on marls substrate (13.5 10-8 m3kg-1 ± 2.1) and 260 
those on terraces (122.1 10-8 m3kg-1 ± 2.9). The magnetic susceptibility in the soils developed 261 
on recent fluvial deposits (12.5 10-8 m3kg-1 ± 0.79) was similar to those on the marls slopes of 262 
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the study area, which indicated that marls are the main source of the sediments, which are 263 
transported by the river system in the area. In the two control profiles of sediments collected 264 
at a small reservoir, the mean MS (12.8 and 16.0 10-8 m3kg-1) suggested that their sources also 265 
were the slope marls. Thus, it appears that Quaternary terraces have not contributed to the 266 
infilling of canals and other waters in the study area.  267 
On the marls substrate of transect M1, the seven sample cores exhibited distinct MS 268 
profiles (Figure 5).  The MS values of the three cores from the upper part of the transect (C1, 269 
C2, C3) were lower than were from the lower part of the transect (C4, C5, C6, C7).  The 270 
range of MS within the upper 15 cm of the soil ranged from 3 10-8 m3kg-1 to 10 10-8 m3kg-1 in 271 
the cores from the upper section, and from 5 10-8 m3kg-1 to 22 10-8 m3kg-1 in those from the 272 
lower section. In the cores from the upper section, the MS profiles varied little with depth but, 273 
in those from the bottom section, the values of MS showed an exponential decay in the first 274 
10–15 cm and a more homogeneous distribution in the deeper soil layers. Thus, MS at the soil 275 
surface in the bottom section of the transect was almost double that in the upper section, but 276 
the values in the deeper soil layers were similar among all of the cores. In that transect, the 277 
land was left fallow years ago and, coupled with the slope gradient, played an important role 278 
in the redistribution of magnetic components in the soil. At the top of the transect (C1, C2, 279 
C3), the slope (20º) was higher than it was at the bottom (15º). Thus, it appears that greater 280 
erosion at the top of the transect caused the loss of magnetic particles, which accumulated at 281 
the bottom of the transect and resulted in the increase of magnetic susceptibility at the soil 282 
surface. In addition, more intense soil processes at the bottom of the slope, which were in part 283 
due to water and the accumulation of nutrients from the upper part of the slope, contributed to 284 
the high MS in the uppermost 15 cm of the soil. 285 
At transect M2, which was on land cultivated for cereals, the slope was slightly concave 286 
and the gradient decreased from 15º at the top to 10º at the bottom of the slope. MS was 287 
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greater in transect M2 than it was in transect M1 (Figure 5). The profile at the top of the 288 
transect (C8) indicated that MS at the soil surface was much higher than it was at deeper 289 
layers. The site was affected by road construction and, therefore, was not within the typical 290 
pattern of the profiles along the slope. The C9, C10, and C11 sites exhibited almost no 291 
variation in MS along the depth gradient, which indicated that the soil was mixed throughout 292 
the profile, as expected with the cultivation of cereals. In the three profiles at the bottom of 293 
the transect, MS was lower, especially at deeper soils layers, but increased at the soil surface. 294 
The increase was due to the transport by runoff of soil particles from the top of the transect, 295 
rather than to the processes involved in soil development because, at the top of the transect, 296 
sediments accumulated on the original soil.  The thickness of the accumulated sediment 297 
decreased towards the bottom of the transect, where the original soil was found. At the lower 298 
part of the transect, MS was low and similar to that in transect M1, where the soils were very 299 
poor. At the top of the transect (C9, C10, C11), however, the profiles corresponded to 300 
accumulated sediments that overlay the original soil.  301 
Along transect M3, the slope changed in shape and gradient, from 15º and convex at the 302 
upper part, then 25º in the middle, and decreased to 15º and concave at the bottom of the 303 
transect. The transect was among natural vegetation, mainly alfa grass, and the land was used 304 
for intensive grazing; consequently, the vegetation cover was degraded. The profiles at the top 305 
and bottom of the transect had high MS at the soil surface (Figure 5). The abrupt change in 306 
the slope gradient in the 10 m from site C21 to site C20, which changed from 15 º to 25º, led 307 
to a decrease in mean MS from 14 10-8 m3kg-1  to 7  10-8 m3kg-1. At the soil surface (first 5 308 
cm), MS decreased sharply from 30 10-8 m3kg-1 to 6 10-8 m3kg-1. Decreases in magnetic 309 
susceptibility with and increase in depth has been observed elsewhere (Hussain et al., 1998). 310 
The next four soil profiles showed a homogeneous distribution of MS and, paralleling the 311 
decrease in the slope gradient to 15º, MS increased. At the bottom of the transect, the depth 312 
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distribution of MS was similar to the pattern observed at the top and values were high within 313 
the first 10 cm of the soil. At the top of the transect, which is a water divide, there is no 314 
supply of soil particles and, therefore, the abundance of magnetic components within the first 315 
15 cm should be due to the processes involved in the natural development of the soil. In 316 
addition, the site is protected from a dense cover of alfa. The magnetic components that were 317 
depleted at the soil surface in the following profiles, especially at the site that had the steepest 318 
slope, were transported down the slope and accumulated at the bottom of the transect. The 319 
lower part of transect M3 led into transect M2, (Figure 2), and the accumulation of soil 320 
particles and, therefore, of magnetic components, continued in the lower part of the hillslope.   321 
Transect CM4 was in badlands on Miocene calcareous marls that correspond to the first 322 
phase of alteration post nappe. The soils were very poor and the 20º slope surfaces were 323 
virtually barren. In the three profiles, MS were the lowest of all profiles and comparable to 324 
those found in the deeper layers of the soils in other transects that were on marls substrates 325 
(Figure 5), which was coincident with the highest erosion rates estimated by fallout 137Cs in 326 
badlands of the study area (Sadiki et al., 2007). The Regosols that underlaid transect CM4 327 
were poorer and less developed than were the other soils on marls that had a granular 328 
structure. The MS in the profiles of transect CM4 were the lowest and only in the deeper 329 
layers was it similar to the other profiles of soils on marls. Thus, MS  increased as the degree 330 
of soil development increased and it appears that MS can trace soil development. In addition, 331 
by identifying soil loss or deposition along the slope, MS profiles provide information on the 332 
geodynamics of the surface.  333 
In the field, the homogeneous composition of marls makes it difficult to distinguish between 334 
the marls weathered in situ and the accumulated material composed of weathered marls.  The 335 
analysis of the MS distribution can identify whether there is loss or accumulation of soil 336 
particles. The gradient and shape of the slope in the transects greatly influences the transport 337 
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of material down the slope and its accumulation, preferably, at the bottom of the slope, but 338 
also to places where there are changes in slope, e.g., slope inflexion. This can be observed in 339 
the steepest transects, especially in M3, which had the lowest MS among the profiles that had 340 
high slopes. At the top of the transect, however, where the original soil remained, MS was 341 
higher and similar to that at the bottom slope, where the soil accumulated. Along transect M1, 342 
the pattern was similar.  343 
At the upper part of transect M2, which was downslope of transect M3 (Figure 2), the 344 
profiles corresponded to accumulated materials and not to the original soil underneath. The 345 
accumulation of soil particles from the better preserved soils under alfa cover from upslope 346 
caused the relatively high values of MS, but they occurred at the part of the transect where the 347 
thickness of accumulated material reached its maximum in comparison with the less than 10 348 
cm thickness of deposited material found at the lower part of transect M2. There, the MS of 349 
the deepest soil layers corresponded to the original soil, but the increase at the upper layers 350 
indicated the deposition of soil particles.   351 
Along transect T5, on the cromic Cambisols developed on Quaternary terraces, the depth 352 
distribution of MS was very similar in four of the six profiles (range of means = 129 10-8 353 
m3kg-1 - 194 10-8 m3kg-1). Apart from two sites, MS profiles showed depth distributions that 354 
were very similar to that at the reference site, although average values were slightly higher in 355 
the latter (Figure 6).  In transect T5, the soil remained untilled under a cover of natural 356 
vegetation (matorral). Despite some degradation, the MS profiles indicated that the highest 357 
values were at the soil surface and decreased with increasing depth. Those features indicate 358 
relatively unaltered soils where natural soil development processes and chemical 359 
transformations are preserved. At the top of the transect, the higher MS and the shape of the 360 
profiles suggested the presence of  better developed soils than those found in the lower part, 361 
where MS profiles indicated some degradation in the upper soil layers.  362 
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In transect T6, which was on land cultivated for cereals, the profiles indicated lower MS 363 
(range of means = 64 10-8 m3kg- - 119 10-8 m3kg-1 (Figure 6). The depth distribution of MS 364 
was variable and did not exhibit a consistent specific pattern in the distribution of magnetic 365 
minerals. Tilling mixed the soil components, which increases the vulnerability of the soil to 366 
erosion and, ultimately, leads to the loss of some magnetic minerals. 367 
On terraces, the natural vegetation cover offers good protection against soil erosion and 368 
affords the iron components a stable environment, which promotes the genesis of magnetic 369 
minerals, which was evident in some of the soil profiles in transect T5. However, a decrease 370 
in vegetation cover because of the partial deforestation in T5 causes a loss of 25% of 371 
magnetic minerals relative to the reference soil. In the 1960s, the land occupied by T6 was 372 
deforested for cultivation and the total deforestation led to the loss of as much as 50% of the 373 
magnetic minerals in the soils in just 40 years.  374 
The MS of the soils on marls and terraces is similar to the values observed in a nearby 375 
area of the Rif (Faleh et al., 2005). Differences in the MS profiles along a transect can be a 376 
valuable tool in identifying the pattern of soil movement and relating it to hillslope processes. 377 
A magnetic tracer and measurements of magnetic susceptibility have identified areas of net 378 
detachment and deposition in experimental field plots (Ventura et al., 2001, 2002).  379 
It appears that the magnetic susceptibility of soil can reflect the conservation status of the 380 
soil, and can indicate degradation and development. In addition, the factors that influence the 381 
MS of soils are the same as those operating on soil processes and, in this way, MS can be a 382 
useful indicator of soil stability. 383 
 384 
Factors affecting variation in soil magnetic susceptibility 385 
 386 
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Lithology was the main cause of the wide variation in magnetic susceptibility among the soil 387 
profiles, from 13.5 10-8 m3kg-1 in soils on marls to 122.1 10-8 m3kg-1 on terraces, because of 388 
the composition of parent materials. The marls substrates had low iron mineral content, which 389 
was diluted within a carbonate matrix. On the other hand, the terrace substrate was composed 390 
of a variety of materials including magnetic minerals, some carbonate, and sandy materials.  391 
Consequently, the cromic Cambisols, which are the soils that developed on the terraces, have 392 
high concentrations of iron components. Although the composition of parent materials 393 
determines the quantity of magnetic minerals, its effect on the development of soil is limited. 394 
In spite of the substrate, the weathering of parent materials that have low levels of primary 395 
magnetic minerals will result in soils that have low levels of magnetic minerals, even if iron is 396 
concentrated by selective solubility of other components. That said, MS profiles might 397 
indicate whether the soil is degraded or stable by comparing their MS to that in stable 398 
reference profiles on the same substrate. 399 
Along the transects, the effects of land use appeared to be a key factor influencing the 400 
distribution of MS in the soil profiles. There were large differences in the average MS of the 401 
different land uses (Table 2). The soils that were cultivated for cereals or left fallow had 402 
significantly lower values than did those that were covered by natural vegetation (scrubland 403 
and alfa grass), with the lowest MS in the bare soils. Hussain et al. (1998) found that MS was 404 
higher in uncultivated soils than in cultivated soils. In the Canadian Prairies, de Jong et al. 405 
(1998) used soil magnetism in combination with fallout 137Cs to document soil erosion. In a . 406 
In a previous research in this study area, Sadiki et al. (2007) used  137Cs  to quantify erosion 407 
rates. The highest losses were found in badlands (46 t ha-1 yr-1) and in cultivated soils on 408 
marls substrate. Because, the soils developed on marls were the steepest and more erodible 409 
than were the soils developed on terraces, the soil loss measured in cultivated soils on marls 410 
substrate (34 t ha-1 yr-1) was almost twice as high as that on terraces (19 t ha-1 yr-1). The 411 
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erosion rates measured in cultivated soils was twice that found in uncultivated soils, where 412 
average losses were 15 and 10 t ha-1 yr-1 on the marls and terraces substrates, respectively.   413 
Slope affected variations in MS (Table 3). The highest MS was in soils on gentle slopes. In 414 
the profiles on the marls substrate, generally, MS decreased as slope increased. In the 415 
situation where sediments are deposited downslope, as in transect M2, there is a mixing of 416 
magnetic minerals, some of which come from the chemical transformations of soils in situ, 417 
and others of an allocton origin that are contained in the deposited materials. If the thickness 418 
of the deposit does not exceed the total depth of sampling, it is possible to find increases in 419 
MS that indicate the location of the upper layers in the original soil. 420 
Mineral magnetic signatures are influenced by a variety of soil properties, particularly, 421 
organic matter (Thompson and Oldfield, 1986).  On average, the organic matter content is 422 
slightly higher in the soils on marls transects than elsewhere (Table 4). As expected, on marls 423 
and terraces substrates, the transects that had perennial vegetation cover (M3 and T5) had 424 
higher organic matter content (apart from transect M2, where the high OM content was due to 425 
the organic manure applied in this cereal field).   426 
To evaluate hypotheses to explain patterns of soil magnetism, Dearing et al. (1996) studied 427 
magnetic susceptibility in soils across England by combining data for soil type, geochemistry 428 
and concentrations of magnetotactic bacteria. In topsoil samples, the strength of the 429 
relationships between organic matter and MS differed between the marls (r = 0.782) and 430 
terrace transects (r = 0.533). Organic matter explained about 60% of the variation in MS in 431 
the marls transects, but only 30% in the terrace transects.  In Canada, de Jong et al. (2000) 432 
showed that magnetic susceptibility in soils varied with the slope position and soil properties 433 
such as texture, organic and inorganic C, and Fe components. 434 
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In our study, the patterns of MS and organic matter content in the topsoil (0-5 cm depth) 435 
differed along the transects (Figure 7). In some transects, high OM content was associated 436 
with low values of SM, such as at the top of transects M1 and T6, and in the middle of 437 
transects M3, CM4, and T5. At the top of transect M2, however, SM was high but OM 438 
content was low. Processes of soil redistribution associated with the topography of the slope 439 
or the mixing of the soil by cultivation and roadworks might explain those differences. In the 440 
transects on the marls, generally, MS was higher at the end of the transect, which indicated 441 
that soil particles accumulated at the footslope in these steeper transects; but, similar strong 442 
increases in organic matter content did not occur.   443 
This study demonstrated that magnetic susceptibility profiles might provide a cost efficient, 444 
rapid means of assessing soil degradation. In the study area, the increasing anthropogenic 445 
impact that is rapidly transforming natural lands into cultivated lands poses a serious risk to 446 
the conservation of soils in regions of the Rif Mountains. Cultivation is a main cause of soil 447 
erosion, which is aggravated if cultivation occurs on steep lands. Natural vegetation protects 448 
the soil surface from erosion and the soil is best preserved when the vegetation cover is not 449 
degraded. This was also observed in other Mediterranean semiarid environments (Quine et al., 450 
1994).  451 
To preserve the soils in fragile environments, cultivation should be restricted to gentle 452 
slopes and soil conservation measures such as terracing together with stripes of natural 453 
vegetation should be implemented. Furthermore, the preservation of the natural vegetation 454 
cover has to be encouraged and grazing has to be managed to avoid degradation.       455 
 456 
Conclusions 457 
The magnetic susceptibility of soils can be used as an indicator of the conservation status of 458 
soils and provide valuable information about soil degradation and stability, as well as the 459 
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geodynamics of the surface formations. For soils on steep slopes, if erosion occurs because of 460 
loss of vegetation cover or tillage, the magnetic minerals will be exported along with other 461 
soil particles; consequently, their concentrations will decrease and the development towards 462 
minerals that have high MS will be constrained. For the soils that remain protected by natural 463 
vegetation, the distribution of MS in the profiles that had the highest values at the soil surface 464 
indicated that soil processes generating iron components were active. Cultivation tends to 465 
eliminate that pattern and the mixing of soil layers contributes to a more homogeneous 466 
distribution of iron components in the soil profile.  Runoff and the transport of soil particles 467 
that are deposited in some parts of the hillslopes results in values of magnetic susceptibility 468 
that differ from those in the original soil from where the materials originate, which might be 469 
used as a quick and efficient method to identify the areas where erosion or accumulation 470 
occurs. That is relevant to areas such as the Rif Mountains of Morocco, where rapid 471 
transformation of the land is modifying the slopes. Other undesirable effects include the high 472 
sediment loads that are exported through the drainage system and contribute to the siltation of 473 
reservoirs in the region. In addition, MS might serve to identify the areas that require urgent 474 
intervention and control of the supply of sediments to canals and other water bodies, thereby 475 
increasing the functional lifespan of reservoirs.   476 
MS has the potential to document soil degradation because it is a rapid, cost-efficient 477 
method, but further research is needed before the magnetic techniques can be adapted for the 478 
quantification of soil redistribution. The identification of degraded soils is essential for 479 
promoting strategies for better land use in the Rif, where it is necessary to preserve the soil 480 
and water resources because intense anthropogenic pressures are compromising the 481 
sustainability of agroecosystems as soils lose their fertile horizons.  482 
 483 
 484 
  
.
21
Acknowledgements 485 
This work was funded by the bilateral projects 2004MA-1005 and 18304-RM from the 486 
Agencia de Cooperación Interuniversitaria and the CICYT projects REM (CGL2005-487 
02009/BTE) and MEDEROCAR (CGL2008-00831).  488 
 489 
References 490 
 491 
Administration des Eaux et Forêts et de la Conservation des Sols (1996) - Plan 492 
d’aménagement anti-érosif du bassin versant de l’oued Msoun en amont du barrage 493 
Mohamed V. 360 pp. 494 
Campy M, Macaire JJ. 1989. Géologie des formations superficielles. Edition Masson, 424 pp. 495 
de Jong E, Nestor PA, Pennock DJ. 1998. The use of magnetic susceptibility to measure long-496 
term soil redistribution. Catena. 32(1): 23-35. 497 
de Jong E, Pennock DJ, Nestor PA. 2000. Magnetic susceptibility of soils in different slope 498 
positions in Saskatchewan.  Catena 40(3): 291-305. 499 
Dearing J. 1994. Environmental magnetic susceptibility: using the Bartington MS2 System. 500 
Chi Publishing, Kenilworth, England.* 501 
Dearing, J.A., Maher, B.A. and Oldfield, F. 1985 Geomorphological linkages between soils 502 
and sediments: the role of magnetic measurements, In: Richards KS, Arnett RR, Ellis S. 503 
(Eds). Geomorphology and Soils, George Allen and Unwin, London. 245-266 pp.  504 
Dearing JA, Hay KL, Baban SMJ, Huddleston AS, Wellington EMH, Loveland PJ. 1996. 505 
Magnetic susceptibility of soil: An evaluation of conflicting theories using a national data 506 
set. Geophysical Journal International, 127 (3): 728-734. 507 
Faleh A, 2004. Evaluation qualitative et quantitative et modélisation mathématique de 508 
l’érosion hydrique dans les bassins versant d’Aknoul et Merkat (Prérif central et oriental). 509 
Thèse d’Etat, Faculté des Lettres et des Sciences humaines d’Oujda,  372 pp. 510 
  
.
22
Faleh A, Bouhlassa S, Sadiki  A, Carmello CG. 2005. Exploitation des mesures magnétiques 511 
dans l’identification des sources de sédiments; cas du bassin versant d’Abdelali (Rif 512 
oriental, Maroc). Zeitschrift für Geomorphologie, 49: 309-320.  513 
Gennadiev AN,  Olson KR, Chernyanskii SS, Jones RL. 2002. Quantitative assessment of soil 514 
erosion and accumulation processes with the help of a technogenic magnetic tracer.  515 
Erosion Soil Science, 35(1): 17-29. 516 
Harvey AM, Foster G, Hannam J, Mather AE. 2003. The Tabernas alluvial fan and lake 517 
system, southeast Spain: applications of mineral magnetic and pedogenic iron oxide 518 
analyses towards clarifying the Quaternary sediment sequences. Geomorphology. 50 (1-519 
3): 151-171. 520 
Hussain I, Olson KR, Jones RL. 1998. Erosion patterns on cultivated and uncultivated 521 
hillslopes determined by soil fly ash contents. Soil Science, 163(9): 726-738. 522 
Lamouroux M, Ségalen P. 1969. Etude comparée des produis ferrugineux dans les sols  523 
rouges et bruns méditerranéens du Liban. Soil Science, 1: 63-75 524 
Lahlou A, 1996. Environmental and socio-economic impacts of erosion and sedimentation in 525 
North Africa. Erosion and Sediment Yield: Global and Regional Perspectives 526 
(Proceedings of the Exeter Symposium. July (1996). IAHS Publ.  236:  491-499. 527 
Maher BA. 1985. Magnetic minerals in soil. PhD. Thesis. University of Liverpool. 216 p. 528 
Mezghab A. 2006. Dépôts fluviatiles holocènes,fragilité actuelle des paysages et risques 529 
d’érosion dans la chaîne des Beni Iznassen : caractérisation dynamique et modélisation 530 
par SIG et télédetection spatiale . Thèse de Doctorat d’état.  Faculté des Lettres, Oujda 531 
Mullins CE. 1977. Magnetic susceptibility of soil and its significance in soils sciences: A 532 
review. Journal of Soil Science, 28: 233-238. 533 
Oldfield R, Rummery R, Thompson R, Walling DE. 1979. Identification of suspended 534 
sediment sources by means of magnetic measurements: some preliminary results. Water 535 
  
.
23
resources Research, 15: 211-218. 536 
Olson KR, Jones RL, Gennadiyev AN, Chernyanskii S, Woods WI, Lang JM. 2002. 537 
Accelerated soil erosion of a Mississippian mound at Cahokia site in Illinois. Soil Science 538 
Society of America Journal, 66 (6): 1911-1921.  539 
Paquet H. 1970. Evolution géochimique des minéraux argileux dans les altérations et les sols 540 
des climats méditerranéens tropicaux a saisons contrastées. Memoire Servvice Carte 541 
Géologique  Alsace - Lorraine. Strasbourg. 30, 212 pp. 542 
Parsons AJ, Wainwright J, Abrahams AD.1993.  Tracing sediment movement in interrill 543 
overland-flow on a semiarid grassland hillslope using magnetic-susceptibility. Earth 544 
Surface Processes and Landforms. 18(8): 721-732. 545 
Quine T, Navas A, Walling DE, Machín J. 1994. Soil erosion and redistribution on cultivated 546 
and uncultivated land near Las Bardenas in the Central Ebro River Basin, Spain. Land 547 
Degradation and Rehabilitation, 5: 41-55. 548 
Royall D. 2001. Use of mineral magnetic measurements to investigate soil erosion and 549 
sediment delivery in a small agricultural catchment in limestone terrain. Catena. 46 (1): 550 
15-34. 551 
Sadiki A. 1991.  Evolution superficielle des granites et des basaltes de les régions de Boumia 552 
(Haute Moulouya, Maroc). Impact sur la sédimentation fluviatile récente et actuelle.  553 
Thèse de 3eeyele,  Université  Sidi Mohamed Ben Abdallah, Fès, 198 pp. 554 
Sadiki A. 2005. Estimation des taux d’érosion et de l’état de dégradation des sols dans le 555 
bassin versant de l’oued Boussouab, Maroc nord oriental: application du modèle 556 
empirique (USLE), de la technique du radio-isotope 137Cs et de la susceptibilité 557 
magnétique. Thèse Doctorat d’Etat. Université Mohamed Premier, Oujda, 320 pp. 558 
  
.
24
Sadiki A, Faleh A, Navas A, Bouhlassa S. 2007. Assessing soil erosion and control factors by 559 
the radiometric technique in the Boussouab catchment, Eastern Rif, Morocco Catena, 71 560 
(1): 13-20. 561 
Thompson R, Battarbee RW, O’Sullivan PE, Oldfield F. 1975. Magnetic susceptibility of lake 562 
sediments. Limnology and Oceanography, 20: 287-698. 563 
Thompson R, Oldfield F. 1986. Environmental Magnetism. Allen & Unwin. London.  227 pp. 564 
Ventura E, Nearing MA, Norton LD. 2001. Developing a magnetic tracer to study soil 565 
erosion. Catena. 43(4): 277-291. 566 
Ventura E, Nearing MA, Amore E, Norton LD. 2002. The study of detachment and deposition 567 
on a hillslope using a magnetic tracer. Catena. 48 (3): 149-161.  568 
Walling DE, Pearty MR Thompson R, Oldfield F. 1979. Suspended sediment sources 569 
identifying magnetic measurements. Nature, 281: 110-113. 570 
 571 
  
.
25
FIGURE CAPTIONS 572 
 573 
Figure 1. Location and geology of the study area in the Eastern Rif, Morocco. Numbers 574 
indicate the transects. 575 
Figure 2. Landscape and physiography of the transects and reference soil on terraces (T) in 576 
the Eastern Rif, Morocco. 577 
Figure 3.  Interdependence between  (χlf  - χhf)  and  χlf in the transects in the Eastern Rif, 578 
Morocco.  579 
Figure 4. Depth distribution of magnetic susceptibility in stable soils on Quaternary terraces 580 
and on Tertiary Marls in the Eastern Rif, Morocco. 581 
Figure 5. Depth distribution of magnetic susceptibility and variation in the soil profiles along 582 
transects on marls in the Eastern Rif, Morocco.  583 
Figure 6.  Depth distribution of magnetic susceptibility and variation in the soil profiles along 584 
transects on terraces in the Eastern Rif, Morocco. 585 
Figure 7. Magnetic susceptibility and organic matter content in the topsoils (0 – 5 cm) along 586 
the transects in the Eastern Rif, Morocco. 587 
 588 
 589 
 590 
 591 
  
.
1
Table 1.  Physiographic characteristics of the transects, reference and control sites and basic statistics of values of 
magnetic susceptibility (χlf & χfd 10-8 m3kg-1)   
          
Transect lithology Land use  Slope Slope  χlfmy1 se χlfmin2 χlf max3 χfd my4 
   shape Gradient º      
M1 marls fallow concave 15 - 20 7.4 2.66 2.7 22.3 10.1 
M2 marls cereals concave 10 -15 23.9 2.72 4.1 45.2 6.5 
M3 marls alfa  convexe- 
conncave 
15 – 25 12.7 2.72 5.6 31.4 6.0 
CM4 calcareous marls  bare straight 20 6.1 4.06 4.1 10.6 5,3 
Reference  marls grasses (doum)  level 41.2 9.36 26.3 47.8 8.43 
Reference  marls pine forest  level 34.1 5.39 26.0 60.2 10,53 
T5 terraces matorral straight 10 151.8 2.87 105.3 215.8 8.8 
T6 terraces cereals straight 10 92.4 2.87 42.4 127.6 9.2 
Reference terraces thuya forest  level 204.1 33.2 167.3 255.9 9,3 
Floodplain alluvial water course  level 12.1 0.79 10.9 12.9 5.0 
Floodplain alluvial dam  level 16.0 1,11 14.8 17.6 13.72 
Floodplain alluvial dam  level 12.8 2.48 9.5 14.7 4.16 
 
                                                 
1 χlfmy :mean MS  low frequency  
2χlf min : minimum MS  low frequency 
3χlf max : maximum MS  low frequency  
4 χfd my : frequency dependant MS 
  
.
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Table 2. Summary statistics for the soil magnetic susceptibility in function of land 
use. 
      
 Magnetic susceptibility 10-8 m3  kg-1 
      
                n average                             se  
    
      
land use      
      
matorral 42 151.84 b 4.49  
alfa 36 12.72 a 4.26  
cereals 76 56.33 c 3.09  
fallow 42 7.41 a 4.16  
bare soil 18 6.05 a 6.35  
      
       
different letters means significant differences (p ≤0.05) 
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Table 3. Summary statistics for the soil magnetic susceptibility in function of slope. 
       
 Magnetic susceptibility 10-8 m3 kg-1   
       
             n average               se
     
       
slopeº       
       
< 10 72 107.72 a 3.74   
10-20 115 15.34 b 3.52   
> 20 35 8.4 b 5.77   
       
       
 
different letters means significant differences (p≤0.05) 
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Table 4. Basic statistics of organic matter contents (%) in the topsoil samples (0-5 cm) of 
the studied transects. 
 
 
Substrat Transect n mean min max sd 
M1 7 3.18 2.65 3.85 0.46 
M2 7 9.44 7.38 11.37 1.66 
M3 7 4.98 3.73 7.43 1.26 
Marls 
CM4 3 3.51 3.09 4.16 0.58 
T5 6 3.89 2.60 5.09 0.95 Terraces 
T6 6 2.66 2.20 3.08 0.33 
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